Rubella virus infection is usually mild or asymptomatic in children and adults. The greatest public health consequence of rubella is that infections in the first trimester of pregnancy often lead to serious birth defects, including hearing impairment, cataracts, and cardiac defects, collectively known as congenital rubella syndrome (CRS) (7) . The estimated annual incidence of CRS cases worldwide was 100,000 in 2003 (21) .
Rubella virus is the sole member of the genus Rubivirus, in the family Togaviridae. The virus has a single-strand, positivesense RNA genome of 9,762 nucleotides (nt) that encodes 2 nonstructural polypeptides (p150 and p90) within its 5Ј-terminal two-thirds and 3 structural polypeptides (C, E2, and E1) within its 3Ј-terminal one-third (4) . The E1 glycoprotein is considered immunodominant in the humoral response induced against the structural proteins (2) and contains neutralizing and hemagglutinating determinants (4) . A 739-nt region within the E1 gene (nt 8731 to 9469) is accepted as the minimum amount of sequence information required for molecular epidemiological purposes. Nine rubella virus genotypes (1B, 1C, 1D, 1E, 1F, 1G, 2A, 2B, and 2C) and 4 provisional genotypes (1a, 1 h, 1i, and 1j) based on sequence variation in the 739-nt region have been established (26, 27) . The distribution of these genotypes worldwide has been reviewed elsewhere (26) (27) (28) . Briefly, some of the genotypes are geographically restricted (such as genotype 1C, which is endemic only in Central and South America) and others are more broadly distributed (such as genotype 1E, which has been found in the Americas, Africa, Europe, and Asia). Rubella is a vaccine-preventable disease, and live attenuated rubella virus vaccines have been available since the 1960s. Rubella vaccines, used singly or in combination with vaccines against mumps and measles, have proved to be highly effective in the prevention of rubella and CRS. By the end of 2006, rubella vaccine had been introduced in routine immunization programs in 123 countries, an increase from 65 countries in 1996 (19) . Some countries (e.g., Cuba, the United States, Sweden, and Finland) have declared rubella elimination owing to their immunization programs (19) ; however, rubella is still endemic in many countries around the world, including China.
A seroprevalence survey performed in 2006 showed that about 20% of 623 women aged 20 to 39 years from Chongqing and Beijing, China, were susceptible to rubella virus infection (17) , and the estimated number of CRS cases in China in 2005 was at least 20,000 (16) . To control rubella epidemics and prevent CRS, routine rubella vaccination was instituted in the Chinese national immunization program in 2007. Two types of rubella vaccine are currently available in China (36) . The BRDII attenuated vaccine strain of rubella virus, derived from a wild-type rubella virus isolated from a patient during an epidemic in Beijing in 1979 and attenuated through 30 lowtemperature passages on a diploid cell line (23) , was introduced in 1994 in some parts of China. In addition, an imported measles-mumps-rubella (MMR) vaccine containing the rubella virus vaccine strain RA27/3 has been available since 1996 in large cities (29) . In a trial comparing the BRDII and RA27/3 vaccines, the seroconversion rates and mild side effects were similar (11) . However, rubella surveillance was implemented only in Shandong and Heilongjiang provinces, where rubella and CRS surveillance projects were initiated and sponsored by the Ministry of Health of China and the World Health Organization (WHO) in 2009.
In this study, we reviewed the incidence of rubella cases in China from 1991 to 2007 and analyzed the sequences of a large collection of rubella viruses collected between 1999 and 2007. Although effective rubella and CRS surveillance has not yet been established in China, rubella virological surveillance in Anhui, Henan, and Shandong provinces has been in effect since 1999, when a project was conducted (1999 to 2002) to support and evaluate the development of a case-based measles surveillance system (1). In subsequent years, rubella virological surveillance in additional provinces was integrated into the Chinese measles and rubella laboratory network (25) . Viruses of different genotypes were found in the same geographical areas and time periods, and a major shift in genotype was documented.
MATERIALS AND METHODS
Specimen collection. Throat swab specimens were collected from patients with clinically suspected rubella within the 5 days following rash onset, during outbreak investigations or in routine surveillance from 1999 to 2007 in 13 provinces (Anhui, Henan, Shandong, Shanxi, Chongqing, Hebei, Jiangxi, Sichuan, Ningxia, Hunan, Qinghai, Hainan, and Liaoning) (see the supplemental material and Table 1 ).
Rubella incidence data sources. The numbers of rubella cases and the annual rubella incidence rates were taken directly from reports from 145 sentinel sites distributed throughout China, covering a population of 11 million (accounting for approximately 1% of the total population of China at that time) between 1991 and 2002 (5), and from the National Disease Reporting Information System (NDRIS) between 2004 and 2007. These data were used for nationwide disease surveillance and covered medical institutions and centers for disease control and prevention in the whole country.
Virus isolation and primary identification. Specimens were inoculated onto monolayers of African green monkey kidney (Vero) cells or Vero/SLAM cells, according to standard methods (36) . Cells inoculated with clinical specimens were incubated at 35°C for 7 days. The culture supernatant was harvested and used to inoculate fresh cells for up to 2 additional passages. The viral RNA was extracted from infected cells after additional passages by using the QIAamp viral RNA extraction minikit (Qiagen, Valencia, CA). The presence of viral RNA was detected via reverse transcription-PCR (RT-PCR), which amplified a 185-nt fragment of the E1 coding region as previously described (36) .
RT-PCR amplification and sequence determinations. RT-PCR was performed using the Titanium One-Step RT-PCR kit (BD Bioscience, Palo Alto, CA) to amplify a 1,107-nt (nt 8656 to 9762) product containing the 739-nt WHOrecommended sequence window (nt 8731 to 9469) as previously described (3). The PCR products were purified using a QIA gel extraction kit (Qiagen, Valencia, CA) and were sequenced bidirectionally using the dye terminator method (BigDye Terminator version 3.1 cycle sequencing kit; Applied Biosystems, Foster City, CA) and an ABI 3100 Genetic Analyzer (Applied Biosystems, Hitachi, Tokyo, Japan). Sequence data were aligned, edited, and assembled to obtain the 739-nt sequence windows, using Sequencher, version 4.0.5 (GeneCode, Ann Arbor, MI).
Phylogenetic analysis. Sequence alignments were created with the BioEdit sequence alignment editor software 5.0.9 (Tom Hall, North Carolina State University, Raleigh, NC) (10), and a phylogenetic dendrogram was constructed using the neighbor-joining Kimura two-parameter distance method, via the MEGA 4.1 program (Sudhir Kumar, Arizona State University, Tempe, AZ) (22); the reliability of the tree was estimated with 1,000 bootstrap pseudoreplicates. According to WHO recommendations, the primary criterion for valid genotype assignments is the proper grouping of the reference virus set included in the same analysis (25) . Sequence relatedness was calculated using the MEGA 4.1 program (22) .
Nucleotide sequence accession numbers. The nucleotide sequences of 43 viruses representative of the 123 Chinese rubella virus strains that were isolated in this study were deposited in the GenBank database, under accession numbers FJ875029 to FJ875071. An additional 4 viruses used in this study were WHO reference sequences and were previously deposited in GenBank (accession numbers AY968213, AY968218, AY968215, and AY968210). Four sequences of rubella viruses from China, which circulated during 1979 to 1984, were obtained from the GenBank database (accession numbers AY258322, AY258323, DQ255946, and AB003340).
RESULTS
Trends in rubella incidence in China. Between 1991 and 2002, the number of rubella cases was reported yearly from 145 sentinel surveillance sites throughout China (Fig. 1a) (5); between 2004 and 2007, reports were made by the NDRIS (Fig.  1b) . Unfortunately, data pertaining to the number of rubella cases in 2003 were not available. Rubella epidemics occurred in 1993/1994 (reported peak annual incidence rate, 53.06/ 100,000) and in 2001 (reported peak annual incidence rate, 17.24/100,000). The average reported incidence rate of rubella cases increased from 1.85/100,000 in 2004 to 5.7/100,000 in 2007, indicating that another epidemic started in 2007. Surveillance inadequacies may be present in these annual incidence data. For example, the size of the population from which cases were reported by the 145 sentinel sites was not precisely known, and only approximately 1% of the total population of China between 1991 and 2002 was involved. Nevertheless, these data show that rubella epidemics occurred about every 6 to 8 years during this time period and that significant epidemics (Fig. 2) . This is of concern because this age group contains women of childbearing age.
Chronological and geographical distribution of Chinese rubella virus genotypes. A total of 123 rubella viral isolates were obtained from throat swab specimens collected from 37 rubella outbreaks and 3 sporadic-case patients in 13 provinces in China, between 1999 and 2007. The sequences of virus isolates from each outbreak were very similar (Ͻ0.54% difference) or identical. Thus, 44 rubella viruses from outbreaks and 3 from sporadic cases were selected as representative viruses for phylogenetic analysis (see the supplemental material and Table 1 ).
All viruses were named according to the WHO systematic nomenclature for rubella viruses (26) .
The nucleotide sequences from the 47 representative rubella viruses in this study, 4 other Chinese rubella viruses obtained between 1979 and 1984 (15, 35) (see the supplemental material and Table 1) , and WHO reference viruses were analyzed (28) . Note that 4 of the WHO reference viruses are also wild-type viruses from China. The 51 Chinese sequences were categorized into 5 of the 13 rubella virus genotypes, 1a, 1E, 1F, 2A, and 2B. These genotype assignments were supported by high bootstrap scores (Fig. 3) .
Rubella viruses were found in China during 3 time periods (1979 to 1984, 1999 (Fig. 4) . Most of the rubella viruses from Anhui and Shandong provinces during 1999 to 2000 were of genotype 1F (9 virus isolates from 3 of the 4 outbreaks) or Their nucleotide sequences were very closely related to that of the BRDII vaccine virus used in China; 2 were 100% similar and the other had only a 1-nt difference from the vaccine virus. Although immunization histories were not available for the 3 cases, the sequence information indicated that these 3 isolates likely came from the rubella virus used to vaccinate these cases.
DISCUSSION
This study summarizes the rubella surveillance data and documents epidemic rubella cycles occurring approximately every 6 to 8 years (1993 to 1994, 2001, and 2007) . Similar epidemic cycles have been observed in other countries, for example, in the United States before 1969 (24) . Seroepidemiological surveys revealed seronegativity rates of around 20% among women of childbearing age in China (17) , and this study shows that the percentage of rubella cases in individuals between 15 and 29 years of age increased between 2004 and 2007. Routine rubella vaccination was not included in the national immunization program of China until 2007; before this, vaccination was implemented on a voluntary basis in a few large cities (9) . This may partly be responsible for the shift of disease burden to susceptible young adults, specifically to women of childbearing age in the prevaccination era, which could lead to an increase in the rate of CRS relative to the number of rubella cases. This study investigated the genotype distribution of rubella viruses in China over a 28-year period to establish an important genetic baseline in China during the prevaccination era. Molecular epidemiology and phylogenetic analyses have become important tools in monitoring virus circulation and the progress of elimination efforts, and these baseline data should be useful in the near future for classifying viruses found in China as either indigenous or imported (13) . For example, based on the data presented here, genotype 1G viruses, which are commonly found in Africa and Europe, would probably be considered to have been imported if found in China (3) .
Among This study provides good evidence that replacement of rubella viruses of a given genotype can occur. Rubella viruses of genotype 1F and 2B were likely replaced by viruses of genotype 1E in Anhui province. Anhui is a small, densely populated province (population, about 65,000,000; area, about 150 ϫ 300 miles). This province has good virological surveillance, resulting in the determination of the genotypes of 10 viruses Genotype 1E viruses were first identified in 1997 in the United States, Canada, the Caribbean, and Italy (20, 35) . In addition to North America and Europe, 1E viruses have now been isolated in South America, Africa, and Asia (27, 36) . Shifts of predominant viruses to a new genotype, such as those that occurred in Anhui and likely in all of China, have also occurred in some other countries where rubella is endemic, such as Japan, Italy, and Brazil (14, 18, 34) .
Three BRDII vaccine-associated cases were found in Shandong in 2001 in this study, and isolation of the RA27/3 vaccine virus from vaccinees has been reported previously (8, 20) . Vaccine virus isolations can easily occur when outbreaks and vaccination campaigns occur simultaneously; therefore, future isolations of RA27/3 and BRDII vaccine viruses are expected as vaccination increases in China.
It is also interesting that the molecular epidemiological pattern of rubella viruses in China appears to be quite different from those of the measles virus (30, 33) , mumps virus (6), human enterovirus 71 (32) , and coxsackievirus A16 (31) . Virological surveillance for measles virus and mumps virus since 1995 shows that the genotype H1 of measles virus and genotype F of mumps virus are the only genotypes found thus far in China, and subgenotype C4 of human enterovirus 71 and genotype B1 of coxsackievirus A16 have been continuously circulating in China since they were first detected in 1998 and 1999, respectively.
Although rubella virological surveillance has been successfully implemented in China, more viruses need to be collected from other provinces to establish a complete genetic baseline for the entire country. Ongoing molecular epidemiological surveillance of circulating rubella viruses is needed, especially when routine vaccination programs are initiated. Vaccination will considerably reduce the number of susceptible individuals 
